Abstract Atom lithography uses standing wave light fields as arrays of lenses to focus neutral atom beams into line patterns on a substrate. Laser cooled atom beams are commonly used, but an atom beam source with a small opening placed at a large distance from a substrate creates atom beams which are locally geometrically collimated on the substrate. These beams have local offset angles with respect to the substrate. We show that this affects the height, width, shape, and position of the created structures. We find that simulated effects are partially obscured in experiments by substrate-dependent diffusion of atoms, while scattering and interference just above the substrate limit the quality of the standing wave lens. We find that in atom lithography without laser cooling the atom beam source geometry is imaged onto the substrate by the standing wave lens. We therefore propose using structured atom beam sources to image more complex patterns on subwavelength scales in a massively parallel way.
atoms with near-resonant light fields. As the dipolar interaction energy is intensity dependent, a standing wave light field leads to a periodic potential. This potential can be used as an array of lenses for neutral atoms, with a periodicity of λ/2, where λ is the wavelength of the light. Pioneering experiments were performed by Timp et al. using sodium atoms [1] and by McClelland et al. using chromium [2] . In these experiments, beams of atoms were transversely laser cooled and then focussed on a substrate into nanolines spaced by exactly λ/2. Atom lithography experiments were also performed with other elements: Al [3] , Yb [4] , and Fe [5, 6] . Experiments using light fields other than a onedimensional standing wave have been used to create structures such as rectangular grids [7] , hexagonal arrays [8] , quasi-periodic patterns [9] , or holographically created patterns [10] . The quantum mechanical nature of the interaction of neutral atoms and resonant light allows for the creation of structures of λ/4 [11] or λ/8 periodicity [12] . Reviews of atom lithography are given in [13, 14] .
In previous atom lithography experiments, atomic beams were transversely laser cooled to increase beam brightness and to minimise transverse velocity spread. The use of laser cooling can increase brightness by orders of magnitude [15] , but the brightness increase is much lower in many setups. Atomic species that lack a closed atomic transition from the ground state, e.g. Al, Ga, or In [16] , are not suitable for laser cooling in atom lithography experiments as atoms that decay to different atomic states no longer interact with the light fields. Complex laser cooling schemes can be applied, but these are experimentally challenging. The second reason for laser cooling, minimising the transverse velocity spread, was thought to be a key requirement for atom lithography [13] , but was shown not to be essential by Smeets et al. [17] .
For atom lithography the local transverse velocity spread of an atom beam impinging on a single-atom lens needs Fig. 1 Schematic overview of atomic nanofabrication using (a) laser cooling, creating a globally collimated atom beam, compared to (b) geometric cooling, creating a locally collimated atom beam. D is the diameter of the opening of the atom source, L is the atom source-sample distance, and ϕ is the angle under which the atom beam locally impinges on the sample to be small to enable sharp imaging. This can be achieved by geometric collimation, shown schematically in Fig. 1 : an atom beam from a small beam source opening (e.g. 1 mm) with a large source-sample distance (e.g. 1 m) has a small local transverse velocity spread on the sample. In Fig. 1 , we find a distinct difference between laser cooling and geometric collimation. A laser cooled beam aligns uniformly to the array of focussing lenses in the optical standing wave. However, with geometric collimation the atom beam aligns perfectly orthogonal to the focussing field at one point, but not over the entire standing wave.
In a setup without laser cooling, the transverse velocity distribution of the atom beam near the substrate is determined by the longitudinal velocity of the atom beam, the size of the atom beam source, the source-sample distance, and the position on the substrate. The longitudinal velocity distribution is that of an effusive beam, with average longitudinal velocity v long . At a point on the substrate the angular distribution of an atom beam emerging from a circular hole with diameter D at a distance L from the substrate, as shown in Fig. 1 Experimentally, we have found atom lithographic structure formation of Fe over areas of up to 400 μm × 6 mm on a single substrate. An example of an atomic force microscopy (AFM) scan is shown in Fig. 2 , where a 2 × 2 μm 2 area is shown with 186-nm periodic line structures of 6-nm height. In our setup L = 0.74 m, D = 1 mm, v long = In this article we investigate the effects of v trans . We show experimental results of structure height, width, and shape. We will also elaborate on two issues that influence structure formation on the surface: diffusion of atoms on the substrate after deposition and effects of scattering and interference of the standing wave field grazing over a substrate. When we take these diffusion and interference effects into account, we can understand structure formation in a geometrically collimated atom beam using a semiclassical Monte Carlo model. Our paper is organised as follows: we first discuss a Monte Carlo model for atom lithographic focussing and present simulations using this model with transverse velocities included. Then we present the experimental setup, show the experimental results of structure formation, and compare them with simulations. We show how the effect of the light field configuration influences the experimental results. Furthermore, we show what the impact on the results is of diffusion of atomic depositions on the substrate. Finally, we discuss further possibilities and improvements of atom lithography without laser cooling and propose a novel scheme for a subwavelength patterning technique, based on geometrically collimated atom beams.
Simulations
The potential of an atom in a near-resonant light field follows from the so-called dressed-state model. The energies of dressed states |1 and |2 in a light field with a detuning Δ from resonance are [18] 
Here I (r) is the local intensity, I s is the saturation intensity, and Γ is the natural line width.
The light field intensity in our simulation is modelled as a Gaussian standing wave (SW):
Here k = 2π/λ, w is the waist of the laser beam, P is the laser power, and x, y, z are positions as shown in Fig. 1 . In our experiments we use focussed Gaussian laser beams, but we disregard wavefront curvature because experiments are performed well within a Rayleigh length of the focus position.
In the experiment we use light fields with large positive detuning Δ ≥ 50Γ , so that ground-state atoms entering the light field will initially be in the |1 dressed state adiabatically connected to the atomic ground state. This state has the lowest energy for the minimum intensity of the light and therefore atoms are focussed towards a local intensity minimum.
We use Fe atoms and a λ = 372 nm light field that is near resonant with the 5 D 4 → 5 F 5 transition in Fe. This transition is not fully closed, but as we use light relatively far detuned from resonance, optical pumping to other atomic states is ignored. Characteristics of the transition are given in Table 1 .
To simulate the focussing process, we use a Monte Carlo trajectory calculation. Each simulation uses 10 5 atoms which are considered as classical point particles moving in the dressed-state potentials. Initially all atoms are in the |1 dressed state at z = −2w. The trajectories are calculated by numerically integrating the Newtonian equation of motion in three dimensions until the atoms reach z = w/2. The atomic velocity distribution mimics that of our experimental setup in both longitudinal and transverse directions.
Spontaneous emission effects are included in our model, although these effects are not large for the large detunings and moderate intensity levels in our experiments. Direct heating by the random photon recoils from the spontaneous emissions ('spontaneous diffusion') is included, as well as 'stimulated diffusion' due to dressed state changing spontaneous emissions. After each spontaneous emission, a random photon recoil momentum is added to the atom's momentum and the possibility that the atom switches to the other dressed state is taken into account.
To include the effects of magnetic substates, the atoms are uniformly distributed over the magnetic substates and 
Simulation results
In Fig. 3 we show some typical atomic trajectories of atoms moving from top to bottom through the SW potential of a light field with Δ = 150 (2π) MHz, P = 20 mW, and w = 90 μm. Atoms are focussed towards the intensity minima at x = 0 nm and x = ±0.186 μm, but the trajectories do not share a single focal point. This is partly due to the effect of the different potentials for the magnetic substates and the large chromatic abberation, as the RMS spread of v long is 357 m/s.
In our experiments the substrate is positioned at the point of maximum laser intensity, z = 0 μm; therefore, we take the simulated atomic distribution in that plane. On the left of Fig. 4 we show atomic distributions at z = 0 μm and around x = 0 μm (thus ϕ = 0 mrad) for a light field of w = 90 μm at several y positions. We observe that for non-zero y positions, where local light intensity is lower, atoms are focussed less tightly resulting in lower and broader distributions. To characterise the simulation results, we fit the atomic distribution with a Gaussian; an example is shown in the righthand panel of Fig. 4 . The values we find in the Gaussian fit for the peak height over the pedestal, h, and the full width at half maximum, w h , can be compared to experimental results. To convert simulated atomic distributions into height values, we take into account the Fe flux in our experiment and the fraction of atoms that are in the atomic ground state and therefore interact with the potential.
In the left-hand panel of Fig. 5 we show simulation results for focussing by the same light field at y = 0 μm, but 5 . The height of the simulated structures decreases and we find that they are no longer symmetric. To obtain a numerical value for the asymmetry of the simulated structures, we use the skewed Gaussian distribution, described by
The skewness parameter α is a measure for the asymmetry of the distribution. On the right of Fig. 5 we show the fit of the atomic distribution for the v trans = 1 m/s simulation with a skewed Gaussian distribution.
In Fig. 6 on the left we show Δx as a function of ϕ for simulations with different light field configurations. All three curves give a linear behaviour for small ϕ, until Δx levels off at Δx = λ/4 = 93 nm. Although we found in Fig. 3 that there is no single focal length of our focussing potential, the linear regime of Fig. 6 can be modelled with Δx = f · sin ϕ, with f an effective focal length of the lens, resulting in e.g. f = 66 μm for w = 150 μm and P = 55 mW. It should be noted that the shift of the peak positions will be nearly impossible to observe experimentally, as the change in distance between two neighbouring structures will be on the order of 10 −11 m.
For larger ϕ, Δx moves towards λ/4 = 93 nm, the position where the SW potential is maximal. If atoms move beyond Δx = λ/4, they move through the SW potential maximum towards a neighbouring potential minimum. In that case an atom is no longer focussed by a single lens, but is moving through a periodic potential. Atoms are then more likely to be near the maxima of the potential where their kinetic energy and thus speed is lower. At higher values of ϕ, the peak position therefore remains near the maximum of the potential and thus at Δx = λ/4 = 93 nm.
A second effect of non-zero v trans was observed in the skewness of the lines. In the right-hand panel of Fig. 6 we show the skewness parameter α of line structures modelled for a SW potential of w = 90 μm and P = 20 mW; other standing waves give similar results. We find that for small ϕ, α increases linearly with ϕ up to ϕ = 1.5 mrad. At this angle where we showed on the left of Fig. 6 that Δx changes from a linear regime to the Δx = λ/4 level, the skewness also 
Experimental setup
A schematic of our setup is shown on the right-hand side of Fig. 1 . To be able to deposit Fe at a reasonable flux, we require temperatures up to 2000 K, for which we use a homebuilt effusive Knudsen cell [19] . This Knudsen cell has a circular opening of 1-mm diameter and is located 740 mm from the sample. The characteristics of the atom beam and the beam geometry are given in Table 2 . The thermal population of Fe atoms at 2000 K gives an occupation of the ground state of 47%, which is the only state interacting with the light field. Substrates are exposed to the atom beam for two hours, resulting in deposited Fe films of an average thickness of approximately 15 nm. The 372-nm light needed to excite the 5 D 4 → 5 F 5 transition of Fe is produced by a titanium-sapphire laser, frequency doubled with a LBO crystal in a ring cavity and frequency locked using the method described in [20] . An acousto-optical modulator is used to introduce a detuning Δ = 150 (2π) MHz. The 372-nm light is focussed onto a mirror in the vacuum to create a standing wave with waist size between 60 and 150 μm. The retroreflected beam is aligned to the incoming beam to less than 1-mrad deviation. The substrate is positioned in the standing wave as shown top right in Fig. 7 , such that the power in the retroreflected beam is 50% of the maximum power reflected off the mirror.
In Fig. 7 we show the sample holder, on which the samples are clamped and a mirror is mounted. Substrates are sil- icon oxide (SiOx), which is amorphous to prevent ordered growth effects due to crystalline substrates. The mirror can be aligned perpendicular to the substrate within 1 mrad ex vacuo. The sample holder is placed in the deposition chamber, which has a typical pressure below 10 −8 mbar. In the deposition chamber, the atom beam has a diameter of 7 mm and it impinges normal to the substrate near the centre of the substrate. In the bottom right of Fig. 7 we show that line structures can be created where the laser field overlaps the area of Fe deposition.
The resulting structures have been imaged using atomic force microscopy (AFM). We measured under ambient conditions on a Digital Instruments Dimension 3100 AFM in tapping mode, using Si cantilevers with a radius of curvature less than 10 nm. As our structures have typical ratios of h/w h below 10 −1 , we disregard tip artefacts. Measuring along the y direction gives information of the influence of the local laser intensity, where we take y = 0 at the position of maximum laser intensity. Measuring along the x direction gives insight into the effects of the transverse velocity of the Fe atom beam, where x = 0 corresponds to v trans = 0. AFM measurements are performed on areas of 250 nm along the lines and 2 μm perpendicular to the lines, so that 11 lines are visible. The image is averaged over the y direction and in the resulting cross section of the line structures each line is fitted with a Gaussian giving average and spread values of h and w h .
Experimental results
In Fig. 8 we present experimental and simulation results for h and w h of deposited lines as a function of y position, when x = 0 (thus v trans = 0). Three settings of P and w are shown. In Fig. 9 we present experimental and simulation results of lines deposited at y = 0 mm and thus at the maximum intensity level of the laser field as a function of x position, which is proportional to v trans . In our simulations the highest lines are found for the highest laser power and for an atom beam with v trans = 0. This behaviour is confirmed in our experiments.
In Fig. 8 we find that structure formation is influenced by the local intensity of the laser field. The simulation results show a bell-shaped dependence of h on y position, which is wider and more flat topped than the intensity profile. This indicates that the focussing is less sensitive to intensity changes at high intensity. This is confirmed by the simulation values of w h , which are reasonably constant for |y| w, while, for larger y, corresponding to lower intensities, w h increases. The experimental results for h match the simulations for the outside positions, but differ greatly for |y| w. At y = 0, h is two to three times smaller than expected. Experimental values of w h hardly depend on y position. Values of w h are between 80 and 120 nm, which corresponds to simulation values at the extreme y positions, but simulation values of w h around y = 0 are significantly smaller, down to 35 nm.
The influence of local v trans on structure formation is shown in Fig. 9 . Experimentally, we observe structures even for large values of x > 4 mm, corresponding to v trans = 6 m/s. This is more than an order of magnitude larger than σ v trans and nearly two orders of magnitude larger than the transverse velocity associated with Doppler cooled beams, where σ v trans = v d = 0.1 m/s (Table 2) . At those values for v trans , atoms in the atom beam can pass through a maximum in the focussing potential and are therefore no longer restricted to interact with a single lens.
The simulation results in Fig. 9 indicate that the highest and narrowest lines are deposited for x = 0 mm, where This notion is confirmed by a comparison of the simulated and experimental values for the product of h and w h , indicating the total amount of focussed material. In Fig. 10 we show the product for one field setting; results are similar for other settings. We find that the simulated product of h and w h of the focussed lines compares much better to the experimental results, with errors of only about 20%.
In atom lithography, broadening of structures has been found previously [21, 22] . Two explanations have been proposed: the distortion of the light field by the presence of the substrate and the mobility of deposited atoms on the surface.
The effect of the substrate on the light field has been modelled by Anderson et al. [21] . Following their approach, we calculated the light field near the centre of our substrate assuming that the surface and mirror are fully reflecting, from an incoming Gaussian laser field cut off at maximum intensity by the substrate. We find a dark zone just above the surface of about 10-μm height, while the intensity is nearly two times higher than expected at about 20 μm from the surface. Further away from the surface, the intensity patterns is more similar to the incoming Gaussian pattern. The assumption that the substrate and the mirror are fully reflective is an extreme; our experiment is much more difficult to model as Fe coats our SiOx substrate during the experiment, so that reflection coefficients and associated phase terms change during the experiment.
The dark area just above the surface can allow for defocussing of the atom beam. In our simulations, we find that σ v trans in the plane z = 0 is 0.53 m/s for the strongest focussed beams, leading to a maximal broadening of 6 nm on both edges of the focussed line structure in a 10-μm high dark area. As the intensity is higher just above the dark zone over the substrate, the focussing strength might be greater at some points, thus also leading to stronger defocussing. However, it seems that the divergence in the dark zone over the substrate alone cannot account for the broadening of the structures from 35 nm to over 80 nm that we observe in Figs. 8 and 9 .
The mobility of atoms on a surface and the resulting blurring of structures have also been a subject of study in the field of atom lithography. Ballistic deposition models [23] , terrace and step-edge diffusion [24] , and polluted adatom limited diffusion [22] have been proposed. The latter is consistent with the experimental data of [21] , but there is no complete understanding of atom mobility on the substrate. We have observed very clear effects in our setup while depositing structures on SiOx and Si 111 . Previously reported Fe structures on Si 111 with native oxide created with a very similar setup had a typical w h of 50 nm [17] , while our current line structures deposited on SiOx have a typical w h of over 80 nm.
As a reference experiment to the atom lithographic experiments on Si 111 and SiOx, we have deposited Fe through physical masks with line patterns, to deposit well-defined structures onto Si 111 or SiOx substrates. The masks are made of 100-nm-thick silicon nitride which are e-beam patterned with line patterns 80 ± 5-nm wide and several hundred μm long. The masks are clamped directly on the substrate, so that the mask-substrate distance is less than 10 μm. We have deposited 15-to 20-nm-thick layers of Fe through these line masks and measured their geometry with AFM. In Fig. 11 we show cross sections of Fe nanolines deposited on SiOx and Si 111 . We find that there is a significant influence of the substrate. This is known in the literature for other materials, e.g. Tun et al. [25] observed very different structure formation of gold deposited on various substrates through physical masks.
In Fig. 11 we have included the expected deposition profile based on the geometry of the mask, the divergence of the atom beam, and the mask-substrate distance and find that this does not match the experimental results. We model the substrate influence as a convolution of the expected profile with a Gaussian function, of which the standard deviation σ gives a measure for diffusion. In Fig. 11 we show that this gives a good match to measured profiles for σ = 12 nm for Si 111 and σ = 23 nm for SiOx.
The value of σ is not easily translated into an increase in width of structures in atom lithography. It should be noted that the full width at half height in Fig. 11 of the expected deposition profile, the model, and both measurements are nearly equal. As atom lithography creates Fe nanostructures on a Fe background, surface diffusion and broadening effects will be different from the freestanding structures shown in Fig. 11 . However, the results indicate that diffusion effects of Fe on SiOx and Si 111 have a range of tens of nm and we find that the value σ for SiOx is approximately twice [17] and SiOx (w h 80 nm).
Although it is likely that diffusion and broadening affect narrow and high structures more than broad structures, these results do not indicate how diffusion and broadening affect structure height and width for different deposited flux distributions. However, we have shown that substrate-dependent surface diffusion effects can contribute significantly to the observed differences in w h of our Monte Carlo model and the atom lithographic experiments.
The experiments show most of the effects found in the simulations qualitatively, although lines are broadened. We have therefore also investigated the skewness of our deposited structures, which we found in our simulations to be dependent on v trans . We show the skewness parameter for both simulated and experimental results in Fig. 12 for structures deposited with a light field of w = 150 μm and P = 55 mW. We clearly retrieve the linear trend for values of v trans from −1.25 to 1.25 m/s and for larger values of v trans both simulation and experimental values break with the linear trend. Quantitatively, the measured values of α are smaller than the simulation results, which is to be expected as the observed broadening of the structures in experiments will decrease skewness.
Discussion and conclusions
In this article we have shown that atom lithography is possible with atom beams that have a local v trans of up to a few m/s. This local v trans , which corresponds to an offset angle of the atom beam with respect to the SW, influences height, width, and shape of the deposited structures. These effects have been simulated and have been qualitatively observed in our samples. However, the observed structures are broader and lower than in the simulations. We find that this discrepancy can be partly explained by light scattering and interference near the reflective substrate. However, we find that our results are mostly influenced by a substratedependent diffusion mechanism. Whereas the simulation resulted in structure sizes of w h ≥ 35 nm, we do not find structures of w h < 80 nm on SiOx substrates. In our previous experiments on Si 111 substrates we found smaller structures of w h ≥ 50 nm [17] . A better understanding of surface effects and choice of substrate could therefore allow for better defined structures.
As our current structuring technique does not need laser cooling, we are no longer limited to atomic species that have closed optical transitions. This allows for the use of technologically interesting elements such as Ga, In, and Si [16] , where laser cooling was shown to be experimentally challenging. We calculated the achievable flux densities without laser cooling for some elements of groups III and IV (Al, Ga, In, Si, Ge, and Sn) in our current setup and atom beam source geometry using data from [27] . In all cases the deposition rate is at least 10 nm per hour at beam source temperatures lower than 2000 K, which we use for Fe. As in our Fe experiment, the thermal occupation of any single (hyperfine) level of these atomic beams is significantly less than 1. Therefore, for example, optical pumping might be required to achieve good contrast in the atom lithographic focussing.
Atom lithography without laser cooling could furthermore be improved by changing the geometry of the setup and the atom beam source. We currently use a Knudsen cell with a round opening as an atom beam source, the size of which determines the local σ v trans on the sample. However, for line structures, only σ v trans perpendicular to the lines needs to be controlled and we can thus use slit-like source openings, with a large surface area, but a narrower size perpendicular to the lines. This allows us to increase flux with lower σ v trans . The source-substrate distance L also influences σ v trans . As σ v trans is inversely proportional to L, increasing L can create locally better collimated beams. However, the flux is inversely proportional to L 2 , which restricts Finally, we propose to use atom lithography without laser cooling to image patterns in the atomic beam source onto a substrate, similar to imaging in classical optics. We show the concept in Fig. 13 . At the left an atom beam emerging from a single D = 1 mm round opening, at distance L = 0.74 m, is focussed by a SW lens of w = 150 μm and P = 55 mW as in our current setup. The magnification ratio is f/L = 8.9 × 10 −5 , with f = 66 μm the effective focus length we obtained from Fig. 6 . We find that this is similar to the reduction in size of the beam source opening w h /D = 6.1 × 10 −5 . The SW lens thus creates an image of the beam source onto the substrate. With laser cooled atom beams, this is impossible as laser cooling removes information of the beam source. We also simulated the focussed atomic distribution of an atom beam from a beam source in front of which we place two 0.33-mm-wide slits spaced 0.75-mm apart, as shown on the right of Fig. 13 . The double slit is focussed to a double line pattern spaced 60-nm apart, reducing the size of the spacing by a factor 8 × 10 −5 , again very similar to f/L. Using atom lithography without laser cooling to image structured beam sources allows for the creation of patterns which are repetitive over λ/2 in a massively parallel way.
Considering the typical w h = 80 nm of Fe on SiOx, our setup is not very suitable for this type of experiment, as multiple features might not be discernable on an 186-nm interval. However, in atom lithography structures have been observed with sizes down to 13 nm in sodium [26] and down to 29 nm in chromium [21] , allowing for more intricate patterns within the corresponding lens sizes of λ Na /2 = 295 nm and λ Cr /2 = 213 nm. More complex patterns could be possible if two perpendicular standing waves are used, creating a two-dimensional array of lenses, which would allow for two-dimensional patterning. This scheme will of course suffer from the large aberrations that optical lenses for atoms have. Nevertheless, potential applications in the fields of, for example, nanoengineering and nanomagnetism could make this scheme technologically interesting.
